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Cancers derive from step by step processes which are differentiated by the progressively

accumulated mutations. For some tumors there is a clear progressive advancement from

benign lesions to malignancy and for these, preventive screening programs exist. In such

cases having those benign lesions are a clear indicator of predisposition while for some

other cases, familial patterns of cancer incidence and the identification of mutations

are the main indicators of higher risk for having the disease. For patients identified

as having predisposition, chemoprevention is a goal and in some cases a possibility.

Chemoprevention is the use of any compound, either natural or synthetic that abrogates

carcinogenesis or tumor progression, through different mechanisms, some of which have

already been described. For example, the classic mechanisms may involve activation of

free radical scavenging enzymes, control of chronic inflammation, and downregulation of

specific signaling pathways. More recently, epigenetics allowed further understanding of

the chemopreventive potential of several agents, such as sulforaphane, green tea derived

compounds, resveratrol, isoflavones, and others which we exploit in this review article.

Throughout the text we discuss the properties compounds should have in order to be

classified as chemopreventive ones and the challenges in translational research in this

area, as lots of the success achieved in vitro cannot be translated into the clinical settings,

due to several different drawbacks, which include toxicity, cost, dose definition, patient

adherence, and regimen of use.

Keywords: chemoprevention, epigenetics, isoflavones, epigallocatechin gallate, resveratrol, sulforaphane,

curcumin

CARCINOGENESIS AND CANCER CAUSING AGENTS

In order to understand the possibilities available to interrupt carcinogenesis and tumor progression,
either through chemotherapy or chemoprevention, it is of vital importance to have a general view
of the several steps necessary for tumor formation. Although different theories have been proposed,
the most widely accepted one is that tumors arise from one single cell, that sequentially accumulates
mutations and/or epigenetic alterations, loses control of proliferation and expands clonally,
accumulating more and more modifications to allow the formation of the most advanced tumor
form when one is referring to epithelial cell tumors or carcinomas, which is the potential metastatic
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cancer. As tumors expand accumulating mutations and
epigenetic modifications, although it is a clonal expansion,
the final mass is heterogeneous and keeps accumulating those
which is the key to understand treatment resistance and abrupt
aggressiveness change during treatment (1–4).

Carcinomas comprise the majority of solid tumors found in
humans and they originate from cells that harbor mutations
and epigenetic alterations which activate oncogenes, inactivate
tumor suppressor genes, and at some level hinder DNA repair
machinery, apoptosis mechanisms and in some cases even
downregulates the immune system or creates mechanisms to
evade it (1–3).

Throughout decades, single DNA modifications have been
intentionally generated in laboratories with the intention of
promoting carcinogenesis and tumor progression in cell culture
models and what has been learned from these experiments was
that no single modification is able to promote tumorigenesis, as
there are complementary mechanisms that balance themselves
when DNA changes occur, a collection of multiple modifications
disturbing the systems mentioned above being necessary to make
cells lose control of proliferation (5).

What causes those gene alterations are chemical, physical and
biological agents, so we now know a plethora of cancer causing
agents and their effects and can describe in details the effects
of smoke compounds, x-rays and HPV to name a few on cell
homeostasis disruption through DNA modification.

To the same extent we now understand that some tumors
although harboring several different DNA modifications, have as
the most striking contribution to its growth the ones that result
in overexpression of some hormone receptor or the generation of
truncation of any of the possible pathways downstream growth
factor signaling, making it independent on proliferating signals
from the microenvironment. Based on that, it is now common to
treat and prevent breast and prostate cancers, for example, with
hormone receptor inhibitors and specific molecules targeting
mutated adaptors in cell signaling pathways have been developed
in what we call target therapy (6).

Different from traditional chemotherapy, target therapy aims
at acting specifically on cells harboring alterations and they fix the
altered pathways on such cells or eliminate them (7).

Given the need for the tumor cells to accumulate gene
alterations, as these have to disrupt different systems, such as
those controlled by proto-oncogenes, tumor suppressor genes,
DNA repair, apoptosis and others, it is expected that time is
an important factor favoring tumorigenesis and that is why the
elderly tend to have more cancer than younger people. Mutations
and epigenetic alterations accumulate slowly, unless proliferation
control has already been lost, when the proliferation speed does
not allow cell cycle checkpoints to be verified and more and more
modifications accumulate in each cycle (1, 5).

Thinking about the slow step by step events needed for tumor
origin and progression, what allows carcinomas to progress
from local confined tumors to widespread metastatic cancer is
the ability to express enzymes for the purpose of degrading
extracellular matrix proteins, so that they are not restricted to the
epithelial layer but gain access to blood vessels and lymphatics
from the underlying connective tissue. Only tumors expressing

matrix metalloproteases, MMPs, have the ability to transition
from the epithelium to the mesenchyme and spread out through
the body (1–3, 5).

Although not valid for all of them, for some types of tumors,
the slow transition from benign to malignant lesions can be
observed and the typical DNA modifications found in one state
or the other traced. That allows for some specific screening
programs and early preventive interventions, such as happens
for intestinal tumors that present themselves as benign lesions
easily removed in colonoscopy procedures or cervical dysplasias
found in pap smears and treated in a non-invasive way before
they become fully installed cervical cancers (5).

Not only the existence of these pre-malignant lesions alerts
patients for more attention and possible interventions but family
patterns do so. Not all breast cancers in a family are an alert
for special attention, but we know that those achieving younger
women and presenting some mutations, such as in BRCA1 and
2 genes flag other close family women to pay more attention
to preventive care. To the same extent, patterns of hereditary
intestinal cancers can be present in different members of the
same family. Even syndromes caused by deficient expression of
tumor suppressor genes such as p53 and retinoblastoma (Rb)
are described and carriers present several tumors throughout life
(5, 8, 9).

That all being said gives us the clear notion that most tumors
arise from random gene alterations and there is no way one
can foresee them, but some cancers can be predicted. Patients
have conditions that make them prone to tumorigenesis, either
through genetic background and family patterns, environmental
exposition of some type, lifestyle choices, and the existence of
pre-malignant lesions or cancer promoting infections, making
prevention a demand, if there is a way to do it.

CHEMOPREVENTION

Chemoprevention is defined as the use of agents to inhibit
tumorigenesis or tumor progression. The term is applied for
agents thatmight have a role in any of the several stepsmentioned
above, either by blocking cancer causing agents and not
allowing them to change DNA, increasing the role of the DNA
repair system or acting on cells that carry DNA modifications
already, decreasing cell cycle speed or even hindering events
necessary for tumor spreading through metastasis. Therefore,
chemoprevention can be used by people who have cancer already
and also those that have a higher risk of developing it (10–13).

Chemopreventive agents cover a wide range of molecules
from natural sources such as plants, fruits and vegetables to
synthetic molecules, generally in use for other purposes and not
cancer treatment. The identification of possible chemopreventive
agents for study comes from different sources, but mainly:
(a) observations that populations presenting some specific
eating habits have lower incidence of specific cancers; (b)
epidemiological studies or clinical tests of some drugs that show
decreased number of cancers in some study populations as a
secondary effect and (c) laboratory studies, when screenings show
that the use of some molecules over tumor cell cultures not only
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inhibits cell proliferation but elicits surrogate markers of what we
would call a malignant to normal reversion at some level (11).

Although the idea of chemoprevention is attractive and a
large number of molecules have already been tested, in the
United States there are only about 15 molecules approved by the
FDA for use as chemopreventive agents (Table 1). Nonetheless,
although the majority of tests to prove the chemopreventive
property of potential molecules fail when brought from the
laboratory to the population, a lot is learned in the study process
and even when they are not approved, pathways involved in cell
proliferation control are better understood (11).

In order to give examples of molecules that were put to
test because of their chemopreventive potential, curcumin has
been deeply studied as such, due to the low number of breast
cancer cases in India. Several molecules derived from spices,
teas, fruits and vegetables, from different sources such as lemon,
saffron, garlic, broccoli, pomegranate, berries, and others have
also been put to proof, due to the observational impression and
epidemiological studies showing that people who have a diet
richer in fruits and vegetables have lower incidence of cancer,
the same thing happening to all possible vitamins and other
micronutrients, especially the antioxidant ones, such as vitamin
A, C, and E, but not only, as folate is in the list. Omega-3 fatty
acids present in theMediterranean diet are in that list too (14, 15).

For the same reason, drugs, studied for other purposes
ended up in the list and the most studied ones are non-
steroidal antiinflammatory drugs (NSAIDs), such as aspirin
and selective COX-2 inhibitors, metformin used for diabetes
and more recently statins used for cholesterol lowering (8, 16,
17). While for some drugs the evidences of chemoprevention
are robust, such as for COX inhibitors and intestinal lesions,
for others, such as metformin results are still controversial.
In vitro and animal studies corroborate initial observational
epidemiological studies, showing metformin induces G0/G1 cell
cycle arrest, cell death through apoptotic and non-apoptotic
pathways, decreased MMP-9 expression and activity, inhibiting
cancer cell migration, which all indicate the possibility of
chemoprevention andmechanisticmodels hypothesize the action
being through decreased insulin levels, inhibiting IGF-1/IGFR-
1 signaling or indirect action via energy depletion inhibiting
PI3K/mTOR pathways, but when it comes to more controlled
studies, as the level of stringency and control for confounding
factors rises, from cohort and case-control studies to randomized
clinical trials, the benefits almost disappear or are limited and not
as striking (18, 19). Larger clinical trials, with better established
surrogate endpoints, dose adjustments and longer observation
time might bring the results of in vitro studies which are
significant to the population, but those are still lacking.

Tamoxifen is the first chemopreventive agent approved by
the FDA and it works because it is a selective antagonist of
the estrogen receptor in breast. Given that a high proportion
of breast cancers express estrogen receptors and depend on it
for proliferation, the use of estrogen receptor antagonists has an
important role in chemoprevention (20).

All of those present anti-tumoral effects when used over tumor
cell cultures and revert the apparent tumoral phenotype at some
level, but with the exception of NSAIDs preventing intestinal

cancer recurrence or occurrence in high risk populations, the
clear observation that the consumption of fruits and vegetables
prevents several kinds of cancer, and that prevention of breast
cancer recurrence benefits from the use of synthetic selective
estrogen receptor modulators such as tamoxifen and raloxifen,
no single molecule has been reported to be effective in humans
and that might be because they exert their effects in specific
tumors only and in higher concentrations or in combination with
othermolecules, or still their distribution through the bodymight
hinder direct action on specific cells, which is not the case for
tissue cultures in the lab (11).

Other than that it is very easy to observe a decrease in cell
count or cell proliferation index in specific cells in the laboratory,
but it is not the same when we extrapolate the assays to the
population with the aim of preventing a disease that might not
happen. A lot of discussion exists regarding the end points that
should be observed in vivo and the corresponding surrogate
markers (11).

It is important to consider also that although some individuals
of the population might be identified as having a higher risk of
developing cancer, it is not possible to know when that is going to
happen and therefore, by definition, the use of chemoprevention
lasts years and years and with that comes the need for the
molecules to be the least toxic possible. No single molecule is
exempt from toxicity depending on the dose and time of use and
a serious risk/benefit consideration has to be made in order to
decide on the approval of any molecule for such use (15).

Even safe medicines such as aspirin which is proved to be
chemopreventive rise discussions on the proper doses and onset
of use. People with higher risk of intestinal cancer benefit from
the use of aspirin but discussions exist on the minimum dose
and when it should start being used, since higher doses and
continuous use might be related to gastric and intracranial
hemorrhages. That makes it clear that it is not an adequate
chemopreventive regimen for the general population but only
for those at increased cancer risk. The possibility of local use
or different administration routes has already been exploited in
order to avoid systemic toxicity but there are no cases of success
so far.

The ideal compound for chemoprevention is the one that has
little or no toxicity, presents high efficacy in multiple sites, can
be taken orally, the mechanism of action is known, is a low cost
drug and has easy human acceptance as it will have to be taken
for years.

Omega-3 fatty acids are another example of molecules that
seem to be harmless and work in vitro, inhibiting tumor growth
but lack evidence in populational studies and have the potential
to cause harm if proper use is not made, since it is free fatty acids
in the circulation that can render cells less sensitive to insulin and
thus promote hyperglycemia (21).

Dosing is of uttermost importance. Studies show that
multivitamins prevent some types of cancer when used by
populations that present deficiencies, but the opposite might
happen in supraphysiological doses. In general, no benefits
are found and no chemopreventive properties have been
reported due to the use of multivitamins or any vitamin
alone when no deficiency is present, but several studies report
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an excess of tumors, especially lung tumors in high risk
populations supplemented with beta-carotene and other vitamin
A precursors. The Alpha-Tocopherol and Beta-Carotene (ATBC)
trial in northern Europe reported an increased incidence of 18%
for lung cancer among those receiving β-carotene. The Beta-
Carotene and Retinol Efficacy Trial (CARET) in the United States
showed an increased incidence of 28% for lung cancer on the
β-carotene and retinol arm of the study (22–24).

The difficulty in translational medicine, meaning bringing
in vitro discoveries to the bed side is very significant when
plants and plant derived products are studied. Most plants
have biologically active compounds, such as alkaloids, terpenes,
lecithins, and flavonoids, among others and several of those
possibly have antitumor and cytotoxic effects. But finding such
molecules either as an isolated product or in plant extracts which
are not toxic for continuous human consumption is a challenge.

What has not been difficult to prove so far are the benefits
from diet and lifestyle modification targeting cancer prevention.
Physical activity, weight control, low fat diet, consumption of
abundant fruits and vegetables and smoke cessation have all been
proved as tools to prevent cancer. No isolated compounds from
fruits and vegetables have proved any benefit similar to what the
consumption of fruits and vegetables promotes. It might be that
the molecules tested are not the ones responsible for prevention
or it only acts when in combination with others, which might
be the case as we have different tumorigenesis mechanisms that
might need to be hindered by multiple chemopreventive agents
at the same time (25–27).

CLASSIC MOLECULAR MECHANISMS
INVOLVED IN CHEMOPREVENTION

Surprisingly for most of the putative or approved
chemopreventive agents the mechanism involved is not
fully understood. A special mechanistic class comprises
compounds that circumvent DNA damage by direct inactivation
of carcinogens either acting as free radical scavengers or
inducing enzymes involved in scavenging. Other than that,
a plethora of molecules can exert this antitumor role by
acting as anti-inflammatory compounds. Inflammation can
trigger ROS formation and therefore DNA alterations, but
it also plays an important role in tumor progression as
NFκB, for example, an important inflammatory molecule
that acts on the promoter of several genes involved in
cell proliferation. That is one of the reasons why obesity
is considered a cancer promoting condition, due to the
inflammatory state of adipose tissue in obese people
(28).

For example, curcumin and green tea derived molecules have
been showed to stabilize IκB, the cytoplasmic inhibitor of NFκB,
avoiding its translocation to the nucleus, where it acts as a
pro-inflammatory molecule, since these compounds inhibit the
proteasome, responsible for degrading IκB (29, 30).

In vitro studies show that established breast cancer cell
lines when treated with polyunsaturated fatty acids present
proliferation inhibition, followed by apoptosis, usually

accompanied by the formation of reactive oxygen species.
The mechanism by which proliferation inhibition occurs is
not clear, but one of the hypothesis is the replacement of
lipids from the cell membranes by the supplemented lipids or
their derivatives, which when metabolized by cyclooxygenase
(COX) generate different products, named resolvins which are
different from the products generated when arachidonic acid is
metabolized. Thus, proinflammatory cascades initiated by the
production of prostaglandins would be interrupted by the lack
of substrate, changing the destiny of the cell in relation to its
participation in inflammatory and or tumorigenic processes (21).

Transcription factors responsible for the expression of
enzymes that promote free radical scavenging are induced not
only during oxidative stress but also due to the presence of several
different phytochemicals, of which maybe sulforaphane derived
from cruciferous vegetables such as broccoli and resveratrol
derived from grapes and grape products are the most important
ones. One of such transcriptions factors is called NRF2 (NFE2-
related factor 2), the most important regulator of antioxidant
defenses, binding to antioxidant responsive elements in the
promoter of several genes that code for enzymes such as
glutathione S-transferase, NADPH:quinone oxidoreductase and
others (31, 32).

Several phytochemicals induce cell death through autophagy,
such as resveratrol, apigenin found in apples and several other
fruits and vegetables, curcumin, fisetin, quercetin, [6]-gingerol,
piperlonguminine, and others. Apoptosis is also a pathway
commonly activated by such phytochemicals and each seems
to activate either autophagy or apoptosis through different
mechanisms (33).

Specific studies aiming at identifying compounds that would
inhibit tumor cells from epithelial-mesenchymal transition, an
important step for metastasis generation, found important
phytochemicals such as silibinin, curcumin, green tea derived
compounds, [6]-gingerol, resveratrol and others to induce
increased expression of E-cadherin, a molecule responsible for
maintaining cells attached to each other, making it difficult for
them to migrate in adjacent tissue invasion (34–36).

Also acting by inhibiting epithelial-mesenchymal transition,
now through inhibition of expression of MMPs, mainly MMP-
9, phytochemicals such as curcumin, [6]-gingerol, luteolin and
others have been described in vitro (37–40). A summary of the
possible targets of chemopreventive agents is seen in Figure 1.

The role of different viruses and even bacteria promoting
carcinogenesis, such as hepatitis B and C virus, HIV, HPV,
and Helicobacter pylori are clear and the mechanism identified.
The development of vaccines against those and early treatment
to prevent their carcinogenic mechanism can be considered a
chemopreventive action (41).

While such mechanisms become more and more clear
through in vitro studies, the great recent development of
Epigenetics shed some light into possible mechanisms involved
in chemoprevention, shifting from the classic free radical
scavenging, inflammation control, and others described above.
Below we described the state of the art of Epigenetics and the
current understanding of chemoprevention, detailing some of the
mechanisms already described for some specific agents.
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TABLE 1 | Examples of some approved agents for cancer risk reduction based on cancer type, mechanism of action and target population.

Compound Cancer type Mechanism Target population

Tamoxifen Breast Selective estrogen receptor modulator Women with ductal carcinoma in situ after

surgery and radiation

Tamoxifen Breast Selective estrogen receptor modulator Women at high risk for breast cancer

Raloxifene Breast Selective estrogen receptor modulator Postmenopausal women at high risk for

invasive breast cancer

Porfimer sodium + photodynamic therapy

and omeprazole

Esophageal Oxygen free radicals kills cancer cells after

exposure to light

Barrett’s esophagus patients

Aspirin Colorectal Inhibits COX and interrupts prostaglandin

production

Adults ages 50–59 with higher risk for

colorectal cancer

Celecoxib Colorectal Same as aspirin Individuals 18+ from familial adenomatous

polyposis families

Bacillus Calmette-Guerin (BCG) Bladder unknown Carcinoma in situ of the urinary bladder

Valrubicin Bladder Interferes with DNA synthesis Patients refractory to BCG

Fluoruracil Skin Interferes with DNA synthesis Actinic keratosis

Diclofenac sodium 3% Skin unknown Actinic keratosis

5-aminolevulinic acid + photodynamic

therapy

Skin Kills precancerous cells exposed to light Actinic keratosis

Imiquimod Skin Enhances immune e response Immunocompetent patients with actinic

keratosis and warts

Ingenol mebutate Skin Induces primary necrosis Actinic keratosis

HPV vaccine Cervix, anus, and

others

Prevents HPV infection through immune

response

Varies from country to country but

generally adolescents

FIGURE 1 | Processes that contribute to tumorigenesis and cancer progression and the effects of chemopreventive agents. Most chemopreventive agents act in

more than one process, but overall it is well-established that curcumin, polyunsaturated fatty acids, and green tea compounds decrease inflammation, several

including resveratrol and sulforaphane decrease reactive oxygen species, resveratrol, apigenin, curcumin, fisetin, quercetin, [6]-gingerol and piperlonguminine promote

apoptosis and autophagy, some of those also decreasing inflammation and silibinin, curcumin, green tea compounds, [6]-gingerol and resveratrol have already been

shown to increase E-caderin expression and decrease MMP-9 expression and activity, inhibiting cell migration and epithelial-mesenchymal transition. Several other

compounds promote similar effects but these are the best described ones, whose effects are direct or indirect but affecting those processes.

CHEMOPREVENTION EXPLAINED
THROUGH EPIGENETICS

Epigenetic modifications also contribute to abnormal gene
expression and consequently to malignant transformation and
tumor progression. Epigenetics controls gene expression through
chromatin remodeling without any change in gene sequence
(42), regulating fundamental biological processes such as
embryological development, differentiation, inactivation of the X
chromosome, genomic imprinting and specific tissue expression
(43). Chromatin can be organized as heterochromatin, which

is highly condensed and transcriptionally inactive or as
euchromatin, which is less compacted and contains the most
transcribed genes (44, 45). Several epigenetic mechanisms
are involved in the nucleosomes organization and have been
described to be altered during cancer development, including
DNAmethylation, histone post-translational modifications, such
as methylation, acetylation, phosphorylation and nucleosomes
occupancy dynamics (42, 43, 46).

Unlike genetic alterations, epigenetic mechanisms are
potentially reversible and can be modulated by the fluctuation
of environmental factors such as nutrition, oxidative stress,
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pollution, inflammation, and life style (43, 47). Therefore,
a growing body of evidence has shown the potential of the
epigenetic therapy in many types of cancers (42, 48, 49).
Currently, the DNMT inhibitors 5-azacytidine (5-AZA) and
2′-deoxy-5-azacytidine (DAC), have been approved by the FDA
for the treatment of myelodysplasia myelodysplastic syndrome
(MDS), a preleukemic syndrome and myelomonocytic leukemia,
and the results for solid tumor therapy are promising (42, 48, 49).
Additionally, it has been described that nutrients and bioactive
foods can change gene expression through regulation of different
epigenetic mechanisms in many ways. DNA and histone
methylation can be modified by folate, vitamin B12, methionine,
betaine, and choline by altering 1-carbon metabolism while
resveratrol, genistein, and curcumin inhibit enzymes involved
in chromatin modifications as will be described below (Table 2).
In this way, certain bioactive food components can be used as
chemopreventive agents modulating many aspects of tumor
development (Figure 2).

DNA METHYLATION

In mammalian cells, DNA methylation takes place only at
cytosine bases at CpG dinucleotides and is catalyzed by
DNA methyltransferases (DNMTs), which transfer the methyl
group from S-adenosyl-L-methionine to the cytosine residues.
DNMT1 binds preferentially to hemimethylated DNA during
DNA replication and then methylates CpG dinucleotides in
newly synthesized DNA strands maintaining the methylation
pattern of the parental strand, while the main function of
the de novo DNMTs 3a, 3b, and L are to establish a new
methylation profile. DNA demethylation in mammalians is
catalyzed by the ten-eleven translocation (TET1-3) family of
proteins, DNA hydroxylases that promote the conversion of
5mC to 5hmC and further oxidation of 5hmC, resulting in
the derivatives 5-formylcytosine (5fC) and 5-carboxylcytosine
(5caC) and transcriptional regulation through reversal of DNA
methylation patterns (50, 51). Mutations in DNMTs related to
human diseases, including cancer, are extremely rare (52, 53).
However, sequencing of cancer genomes has identifiedmutations
in DNMT3A in ∼25% of patients with acute myeloid leukemia
(AML), decreasing the catalytic activity of the enzyme (51).
These somatic mutations are also found in myeloproliferative
diseases (MPD) and myelodysplastic syndromes (MDS). A high
prevalence of TET2 mutations was described in patients with
chronic myelomonocytic leukemia (CMML), AML, MPD, and
MDS (54). Aberrant DNA methylation patterns are frequently
found in cancer cells, where DNA hypermethylation is present
in CpG islands of tumor suppressor gene promoters, invariably
inhibiting their transcription and global DNA hypomethylation
is found in repetitive elements contributing to genomic
instability, loss of imprinting and oncogene activation (46).
Interestingly, DNA hypermethylation also inhibits the expression
of innumerous non-coding RNAs with anti-tumoral activity (42).
On the other hand, it was shown that many actively transcribed
genes have high levels of CpG methylation within the gene
body, indicating that the methylation site is fundamental to

its role in transcriptional regulation (42). It was described that
almost all tumors harbor innumerous genes with abnormal
methylation profile, driving tumorigenesis through regulation of
proliferation, survival, and apoptosis.

HISTONE POST-TRANSLATIONAL
MODIFICATIONS

Histones can be modified by several post-translational
modifications, including methylation, acetylation,
ubiquitination, phosphorylation, sumoylation, biotinylation,
and ADP-ribosylation (42). The site of histone alterations is
at the histone tail that contains from 15 to 38 aminoacids, the
lysine residues being either methylated (mono-, di-, and tri-)
or acetylated, and arginine residues mono- or di-methylated.
In general, histone lysine acetylation is associated with gene
activation while histone lysine methylation can be a mark for
both transcriptionally permissive patterns, in the case of H3K4
trimethylation and transcriptionally repressive patterns, as in the
case of tri-methylated lysine 27 on histone 3 (H3K27) and H3K9
trimethylation chromatinmodifications (42). Histone acetylation
patterns are maintained by histone lysine acetyltransferases
(KATs) and histone deacetylases (HDACs) and histone
methylation status by histone methyltransferases and histone
demethylases (55, 56). It is important to note that these histones
alterations are dynamic and are changing depending on cellular
demand. Furthermore, active and repressivemarks are not always
mutually exclusive, representing “bivalent domains,” meaning
that histones mark combination will determine the chromatin
organization and consequently gene pattern expression. Several
enzymes responsible for histones modifications are altered
and implicated in carcinogenesis. Several examples have been
described, including recurrent chromosomal translocations,
coding mutations and overexpression in different types of
neoplasias as AML, ALL, and breast, colorectal and pancreatic
carcinomas (57). Another issue that must be taken into account
is the fact that DNA methylation and post-translational histone
modifications are associated, since HDACs are recruited to sites
of hypermethylated DNA together with methyl-cytosine binding
proteins to the maintenance of transcription repression (45, 57).

CHROMATIN REMODELING COMPLEXES

Together with covalent modifications of DNA and histone
tails, enzymes are recruited to chromatin and cooperate
to promote nucleosomes remodeling in an ATP-dependent
manner regulating gene expression. ATP-dependent chromatin
remodelers have a common ATPase domain and the free energy
derived from ATP hydrolysis allows the machinery to reorganize
the chromatin. These protein complexes are divided into families
based on the subunit composition and biochemical activity,
including SWI/SNF, ISWI, INO80, SWR1, and NURD/Mi2/CHD
complexes (58, 59). The alterations in the expression of these
complexes are associated with tumor development and SWI/SNF
are emerging as tumor suppressors, since inactivating mutations
have been described in many types of cancers (50).
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TABLE 2 | Mechanism of action of the different bioactive compounds for which epigenetic alterations have been described.

Mechanism of action Neoplasia Study type Target genes

ISOFLAVONES

Decreased methylation Breast cancer In vitro BRCA1, BRCA2, ATM, APC, PTEN;

SERPINB5

Increased acetylation Breast cancer Preclinical studies: in vitro and

in vivo

ERα

Increased active mark H3K4 and

acetylation

Breast cancer In vitro and in vivo (xenografts) p16INK4a; p21WAF1

Increased repressive mark H3K27 Uterine leiomyomas Human p16INK4a; p21WAF1

Increased acetylation, decreased

methylation and increased active mark

H3K4

Prostate cancer In vitro p16INK4a; p21WAF1, BTG3, AKT,

CYLD

EPIGALLOCATECHIN GALLATE

Decreased methylation Breast, colorectal and skin cancer In vitro p16INK4a; p21WAF1, RARβ, RXRα,

MGMT, MLH1

Decreased methylation Oral squamous carcinoma In vitro RECK

Increased tumor suppressor miR Hepatocarcinoma In vitro BCL-2

Decreased oncomir NSCLC In vivo p53

RESVERATROL

Decreased oncomiRs Colorectal cancer In vitro TGFβ1

Incresead methylation Breast cancer In vitro AURKA

PLK1

Increased tumor suppressor miRs Colorectal cancer In vitro E2F3

Hyperacetylation Breast cancer In vivo BRCA1

SULFORAPHANE

Hyperacetylation Colorectal and prostate cancer In vitro

In vivo

BAX

p21

Hyperacetylation Breast cancer In vitro Caspases

Cytochrome c

Decreased methylation Breast and prostate cancer In vitro PTEN

RARβ2

Hyperacetylation

Decreased repressive mark

Breast cancer In vivo hTERT

CURCUMIN

Decreased methylation Colorectal cancer In vitro NF-κB pathway

Decreased methylation Cervical cancer In vitro RARβ2

Decreased methylation Myeloid leukemia In vitro

In vivo

p15INK4B

Increased suppressor miRs

Decreased oncomiRs

Colorectal cancer In vitro

Cyclin D1 and E1

CDK4 and 6

cMYC

Increased suppressor miRs

Decreased oncomiRs

Melanoma In vivo

BCL-2

PCNA

Increased suppressor miRs Pancreatic carcinoma In vivo Notch1

MMp-9

Other classes of chromatin remodeling complexes are the
Trithorax-group (trxG) and Polycomb-group proteins (PcG) that
have opposite actions in the dynamics of chromatin organization.
TrxG proteins maintain the active state of gene expression while
the PcG proteins counteract this activation with a transcriptional
repression (60). Polycomb group proteins are composed by
large multimeric complexes of two types, polycomb repressive

complex 1 (PRC1) and PRC2. PRC2 is comprised by four
subunits, SUZ12 (zinc finger), EED, EZH1, or EZH2 (SET
domain with histone methyltransferase activity) and RbAp48
(histone binding domain) and has the primary function of
trimethylating histone H3 on lysine 27 (H3K27me3), a mark of
transcriptionally inactive chromatin. PRC1 contains the Bmi-1
protein, that binds to the trimethylated H3K27 and catalyzes the
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FIGURE 2 | Main targets of chemopreventive agents acting as epigenetic regulators.

ubiquitination of histone H2A on lysine 119 (H2AK119Ub1),
stabilizing the repressive state. The Trithorax complex activates
gene transcription by promoting the trimethylation of lysine 4 of
histone H3 (H3K4me3) at specific sites in chromatin recognized
by the complex (61). Alterations in the expression and activity
of polycomb proteins as EZH2 and MLL have been associated
with the development of many cancers, including AML, ALL, and
multiple myeloma (62).

MICRO-RNA

Micro-RNAs are endogenous, small non-coding RNAs, about 22
nucleotides in length that regulate gene expression by targeting
a specific mRNA, binding to it and inhibiting its expression by a
variety of mechanisms. Translational repression as a consequence
of miRNA binding to the 3′UTR of the mRNA is the main
mechanism; however, mRNA degradation and destabilization
have also been showed. MiRNAs have innumerous targets and
modulate the expression of multiple genes, in this way, these
regulate important biological processes such as proliferation,
survival, differentiation and apoptosis (63, 64). Therefore,
miRNA deregulation is involved in the pathogenesis of several
diseases, including cancer. In tumorigenesis, microRNAs can
act as either oncogenes or tumor suppressors, contributing to
cancer development and modulating the hallmarks of cancer,
such as sustaining proliferative signaling, resisting cell death,
inducing angiogenesis, activating metastasis, reprogramming

energy metabolism, and promoting evasion of the immune
system (65).

Importantly, all these epigenetic mechanisms work in
association with methyl-cytosine-binding proteins and
chromatin remodeling complexes to promote and to maintain
the dynamic states of the chromatin between nucleosomes, in a
compacted and transcriptionally silent state or in an open and
transcriptionally active state according to cell’s requirements.

EXAMPLES OF COMPOUNDS FOR WHICH
EPIGENETIC CHEMOPREVENTIVE
MECHANISM ARE DESCRIBED

Isoflavones
Some types of isoflavones (IF) are closely related to
phytoestrogens and are predominantly found as glycoside
conjugates. The most prevalent dietary IF include genistein
(GEN), daidzein (DAI), and glycitein (GLY), being the most
common sources soybeans and soy-based foodstuffs. In addition
to estrogen receptor signaling modulation, antioxidant activity
and innumerous anti-tumoral activities have been shown
in breast tumor cells by inhibiting receptor tyrosine kinase
signaling pathways (66, 67), IF have the capability of regulating
the epigenome, leading to chromatin remodeling, through
differential recruitment of enzymes of the epigenetic machinery
to the promoter of regulated genes (68, 69). In vitro studies
showed that IF inhibited the expression and activity of DNMTs
1, 3a, and 3b and consequently decreased methylation of the
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promoters of tumor suppressor genes, leading to alteration
in the expression of different proteins, including BRCA1 and
BRCA2, involved in DNA repair mechanisms; ATM (ataxia
telangiectasia mutated), an important cell cycle checkpoint
kinase; APC (adenomatous polyposis coli), an antagonist of the
Wnt-signaling pathway; the phosphatase PTEN, inhibitor of the
PI3K-AKT signaling pathway and SERPINB5 (mammary serpin
peptidase inhibitor) in breast tumor cells (70, 71). Preclinical
studies also showed the involvement of GEN in regulation
of histone modifications. In in vitro and in vivo preclinical
studies, GEN reactivated ERα expression through epigenetic
mechanisms in ERα-negative breast cancer cells, increasing
cancer cells sensitivity to apoptosis and consequently TAM-
mediated estrogen-dependent therapy. In ERα-negative breast
cancer cells, GEN inhibits the binding of DNMT1 and HDAC to
ERα promoter (72). Treatment of precancerous and breast cancer
cells with GEN increased the expression of tumor suppressor
genes p16INK4a (p16) and p21WAF1 (p21) through enrichment
of transcriptional active markers such as acetyl-H3, acetyl-H4,
and trimethyl-H3K4. Moreover, dietary administration of
GEN suppressed the growth of breast cancer xenografts (73).
Interestingly, in this work the authors suggested that GEN would
be more effective in chemoprevention than in chemotherapy,
since lower doses of GEN were sufficient to induce the death
of precancerous breast cells. This result is in agreement with
extensive data from the literature that shows that women from
Asia, where there is a higher intake of soy-based foods, have
lower incidence of breast cancer, suggesting the participation
of IF in epigenetic reprogramming of breast epithelial cells.
Several clinical trials are under investigation, evaluating the
efficiency of GEN as a single agent or in combination with other
drugs in the treatment of breast cancer. On the other hand,
a recent epidemiological study showed a positive correlation
between early life soy consumption and increased risk of uterine
leiomyomas (74). The increased incidence of leiomyomas
seems to be associated to augmented expression of estrogen-
responsive genes induced by decreased EZH2 activity and levels
of H3K27me3 on promoters of these genes (75). Genistein also
seems to be effective in the prevention of prostate cancer since it
decreased androgen receptor (AR) expression in prostate cancer
cells through inhibition of HDAC6-Hsp90 interaction. AR
protein is degraded via an ubiquinin-proteasome pathway which
is prevented by stabilization with the heat shock protein Hsp90,
which in turn is inactivated by acetylation. Genistein decreases
HDAC6 expression, abrogating Hsp90 activity, and consequently
downregulating AR and prostate cancer cell proliferation (76).
Moreover, GEN treatment increases the expression of several
KATs, augmenting the acetylation of histones H3 and H4 at the
promoters of specific tumor suppressor genes and consequently
their reexpression, including p16, p21, and BTG3 (B-Cell
translocation gene 3), a negative regulator of E2F-1 signaling, in
prostate cancer cell lines (69, 77). The increased transcription of
BTG3 induced by GEN was also a result of activating H3K4me2
and H3K4me3 marks and decreased methylation at the BTG3
promoter (69). The expression of other tumor suppressor genes,
such as PTEN, a PI3K/AKT signaling pathway inhibitor, and
CYLD, an NF-κB inhibitor, is restored after GEN treatment

because of increased H3K9 acetylation and decreased H3K9
methylation at their promoters (78). Therefore, GEN treatment
reduced AKT activation and proliferation and migration of
prostate cancer cells. Genistein treatment is also associated with
oncomiRs and tumor suppressor miRs reexpression in prostate
cancer cells (79–81). In other tissues, including kidney, colon,
and pancreas, several data also showed the association between
genistein and epigenetic modifications (82–86).

Epigallocatechin Gallate
Epigallocatechin gallate (EGCG), also known as epigallocatechin-
3-gallate, is the ester of epigallocatechin and gallic acid,
being the type of catechin most abundant in green tea.
Besides its role as an antioxidant and anti-inflammatory
molecule, EGCG has the capability of regulating gene expression
through modification of epigenetic machinery activity; therefore,
EGCG is a potential anti-tumorigenic compound. Several
data have showed that EGCG treatment inhibited DNMTs
expression and activity, inducing promoter hypomethylation of
important tumor suppressor genes, including p16, p21, RARβ,
RXRα, MGMT, and MLH1, and inhibiting proliferation and
inducing apoptosis of different cancer cell lineages (87–91).
EGCG treatment decreased RXRα promoter methylation and
consequently restored the expression of RXRα protein in human
colon cancer cell lines, decreasing cell proliferation. RXRα is
a nuclear transcription factor that is normally downregulated
in several tumors, including colon carcinoma, therefore, EGCG
therapy can be seen as a chemoprevention strategy in cancer
(91). EGCG also seems to be effective in more advanced stages
of tumor progression. EGCG treatment of human oral squamous
cell carcinoma cell lines partially reversed the hypermethylation
status of the RECK gene, a matrix metalloproteinase inhibitor,
and increased RECK expression, consequently, extracellular
matrix degradation was inhibited and cell invasion was
suppressed (92). Epigenetic alterations are normally found in
precancerous lesions, so the reexpression of tumor suppressor
genes such as p16 and p21 that control cell cycle progression or
MGMT and MLH1 that are part of the DNA repair machinery
contributes to cell homeostasis, so these bioactive components
can be considered important chemopreventives agents. In human
skin carcinoma cells, the EGCG treatment inhibited the activity
of HDAC in addition to the DNMT activity, since the levels
of acetylation of H3 and H4 were decreased. Moreover, EGCG
reduced the levels of methylated H3-Lys 9, a mark of repressed
transcription (90). EGCG is also associated with alteration in
the expression of miRNAs. In human hepatocellular carcinoma
HepG2 cells, treatment with EGCG induced upregulation of 13
and downregulation of 48 miRNAs (93). The tumor suppressor
miR-16 is one of the miRNA increased, which in turn, induces
apoptosis by targeting and repressing the expression of the anti-
apoptotic protein BCL-2 (93). In addition, the combination of
EGCG with different chemotherapeutics improves the efficiency
of the treatment in preclinical studies in several cancer models
(94–97). The combination of EGCG and anti-HER2 therapies,
namely pertuzumab or temsirolimus, abrogates anti-HER2 drug
resistance in breast cancer models in vitro and in vivo, showing
the role of EGCG not only in chemoprevention, but also as
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a therapeutic agent and suggesting the involvement of the
epigenome reprogramming in acquired resistance (95). EGCG
therapy increased the efficiency of cisplatin treatment in vivo,
in a non-small cell lung cancer model. The tumor growth
inhibition promoted by EGCG is associated with downregulation
of hsa-miR-98-5p, followed by an increase in p53 expression
(97). Moreover, EGCG overcomes acquired resistance to 5-
fluorouracil (5FU), the standard chemotherapeutic drug in
colorectal cancer by inducing apoptosis and cell cycle arrest
in 5FU-resistant colorectal cancer cells and by inhibiting the
self-renewal of cancer stem cells in vitro and in vivo (94).
EGCG suppressed cancer stem cell generation by decreasing the
expression of the subunits of the polycomb repressive complex,
EZH2, and SUZ12, and the levels of tumor suppressor miRNAs
miR-34a, miR-145, and miR-200c.

Resveratrol
Resveratrol is a stilbenoid, a type of natural phenol, and
a phytoalexin produced by several plants, including grapes,
peanuts, cranberries, blueberries, and mulberries. Resveratrol
consumption has been associated with low incidence of diabetes,
cardiovascular and inflammatory diseases (98, 99). Several
publications have showed the anti-inflammatory effects of
resveratrol through decreased expression of transcription factors
associated with inflammation such as NFκB or activator protein-
1 (AP-1) components c-Jun and c-Fos and the inhibition
of the secretion of pro-inflammatory mediators such as
prostaglandin E2 (100, 101). These effects are also associated
with the anti-tumoral activity of resveratrol since chronic
inflammation is associated with malignant transformation and
tumor progression. It has been recently demonstrated that
resveratrol can modulate inflammation through epigenetic
mechanisms. Resveratrol induced the upregulation of miR-663,
a microRNA associated with immune response modulation, in
human monocytic cells, which in turn, decreased AP-1 activity
and impaired the increase of the oncomiR pro-inflammatory
miR-155 (102). Resveratrol also increased the expression of
tumor suppressor microRNAs in cancer cells, resulting in growth
inhibition (96, 103). In human colon cancer cells, resveratrol
caused the upregulation of miR-34a, causing the reduction
of the target gene E2F3 and its downstream adaptor Sirt1.
Furthermore, resveratrol increased the efficacy of 5-FU, resulting
in a synergistic growth impairment and decreased apoptosis
resistance (96). In addition, resveratrol treatment decreased
the levels of miRNAs frequently overexpressed in colorectal
cancer, including miR-17, miR-21, miR-25, miR-26a, miR-92a-
2, miR-103-1, and -103-2, or miR-181a2 and upregulated
the tumor suppressor miR-663, reducing TGFβ1 expression
and the downstream activation of SMADs (103). Resveratrol
impaired the proliferation of breast cancer cells by inducing
the hypermethylation of the promoters of the genes of Aurora
protein kinase (AURKA) and the Polo-like kinase-1 (PLK1)
and consequently decreased its expression (104), reinforcing the
potential role of resveratrol in cancer therapy. Resveratrol also
abolished the histone modifications induced by the activation
of the aromatic hydrocarbon receptor which is associated with
the development with several tumors. Treatment of breast

cancer cells with resveratrol increased acetylation of H3 and
H4 decreased methylation of H3K9 and recruited MBD2 to
the BRCA-1 promoter (93, 105). In human hepatoblastoma cell
lines resveratrol also impaired HDAC activity and increased
acetylation of H3, resulting in cell proliferation inhibition (106).

Sulforaphane
Sulforaphane (SFN) is a type of isothiocyanate and belongs
to the group of organosulfur compounds. It is derived from
cruciferous vegetables such as cabbages, broccoli, broccoli
sprouts, and brussels sprouts. In broccoli and broccoli sprouts,
SFN is found as the glucosinolate precursor glucoraphanin
that is converted to SFN by microbial hydrolases present
in gut bacteria or plant myrosinases. Several studies have
shown that SFN exerts anti-tumor activities through multiple
mechanisms, resulting in apoptosis induction, growth inhibition
and migration and invasion abrogation (107–110). In addition,
SFN has the capability of inhibiting cancer development by
modulating epigenetic mechanisms as demonstrated by in vitro
and in vivo studies. SFN inhibited HDAC activity, resulting
in increased global histone acetylation and apoptosis induction
in different tumor cell lines (111–113). In human prostate
and colon cancer cells, the increased expression of p21 and
Bax was associated with hyperacetylation of histone H4 at
their promoters (111, 112). SFN administration also decreased
the HDAC activity in vivo, with concomitant increase in
acetylated histones H3 and H4, suppressing tumor development
and implying the therapeutic role of SFN in cancer (114,
115). In human breast cancer cells, induction of apoptosis
by SFN is associated with increased expression of caspase,
cytochrome c release into the cytosol and poly (ADP-ribose)
polymerase cleavage (113). Moreover, SFN treatment reactivated
the expression of tumor suppressor genes aberrantly methylated
through DNMTs inhibition in human prostate and breast
cancer cell lines (116, 117). Additionally, it has been showed
that besides inducing the acetylation of histones H3 and H4
in hTERT promoter, SFN treatment also decreased the levels
of inactive chromatin markers trimethyl-H3K9 and trimethyl-
H3K27 in human breast cancer cells in a dose-dependent manner
(118).

Curcumin
Curcumin, a component of the popular Indian spice, is a
diarylheptanoid, belonging to the group of curcuminoids,
which are natural phenols, being the main curcuminoid
of turmeric (Curcuma longa), a member of the ginger
family, Zingiberaceae, a rhizomatous herbaceous perennial
plant. Traditionally, curcumin has been used as an anti-
inflammatory compound, since it inhibits NF-kB activity
and reduced cyclooxygenase 2 and prostaglandins production
(119). The anti-tumoral activities of curcumin are mediated
through inhibition of multiple signaling pathways involved
in regulation of proliferation, apoptosis, survival, angiogenesis
and metastasis (119–124). Furthermore, curcumin seems to
modulate gene expression through epigenetic mechanisms,
implicating curcumin as a potential chemoprevention agent.
Curcumin inhibited DNMTs activity and altered the methylation
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pattern in different tumor cell lines (125–128). In human
colon cancer cells, curcumin treatment is not associated with
global DNA hypomethylation as changes in methylation status
of long interspersed nuclear elements-1 (LINE-1) were not
found. Otherwise, curcumin decreased the methylation pattern
of genes related to the NF-κB pathway (125). In human
cervical cancer cell lines, curcumin treatment resulted in
demethylation of the tumor suppressor RARβ2 gene promoter
and induced its repression (126). In AML cell lines curcumin
downregulates DNMT1 expression by decreasing the binding
of the transcription factors p65 and Sp1, with concomitant
reexpression of the tumor suppressor gene p15INK4B due the
demethylation of its promoter. Moreover, curcumin induced
the G1 cell cycle arrest tumor cell apoptosis in vitro. In vivo,
curcumin decreased tumor cell growth, showing the potential
value of curcumin as a therapeutic drug (129). It was also
demonstrated that curcumin regulates key cancer-associated
micro-RNAs (130–132). Curcumin induced downregulation of
the oncogenic miR-27a and upregulation of tumor-suppressive
miR-34a in colorectal cancer cells and affect the expression
of their downstream targets, leading to cell cycle arrest
and apoptosis (130). In a melanoma model in vivo, it has
been showed that curcumin administration altered miRNA
signature of engrafting melanoma, showing an upregulation
of tumor suppressive micro-RNAs and decreased levels of
oncomirs, being the mmu-miR-205-5p the most significantly
altered (131). Between the putative targets of the altered
micro-RNAs, anti-apoptotic (BCL-2) and proliferating cell
nuclear antigen (PCNA) were significantly downregulated in
curcumin-treated tumors. In another study, curcumin was
associated with reduced expression of EZH2 and upregulation
of a panel of tumor-suppressive microRNAs, such as let-
7a,b,c,d, miR-26a, miR-101, miR-146a, and miR-200b,c that
are normally absent in pancreatic carcinomas. Moreover,
curcumin administration inhibited pancreatic cancer tumor
growth (132).

CONCLUSION AND FUTURE DIRECTIONS

As we understand carcinogenesis and tumor progression
more and more we identify individuals who are at increased
risk of developing cancer. Identifying those individuals, the
obvious interest is to be able to prevent the disease somehow
and to do so, a plethora of compounds have been tested
and used over the last decades. One of the premises of
chemoprevention is understanding the mechanism of action
through which the compounds exert their role and that is
not the case for most of the compounds we know. Some
are partially understood and for some the mechanism is
completely unknown. Epigenetics has been complementing
what is known about chemoprevention mechanisms and
opening up possibilities for the discovery of new candidate
molecules.

The goal of the new era of cancer treatment has been the
mapping of key components of signaling pathways involved in
tumorigenesis and the development of innumerous drugs to
be used in target therapy (7). Additionally, the combination
of different kinds of therapy, including immunotherapy has
improved the clinical outcomes. It is important to extend
this knowledge to the chemoprevention area, characterizing
molecular alterations of patients with a great risk of developing
cancers, e.g., familial cancers, and targeting simultaneous,
for example, histone modifications and DNA methylation,
leading synergistically to the reactivation of aberrantly silenced
genes.

As for the population, what can be recommended so far is
a diet rich in fruits and vegetables as different phytochemicals
definitely play a complementary role in cancer prevention.
Although, there is no definition of dose and complete
mechanistic understanding it is more andmore obvious that what
we eat is important to modulate our cancer risk. Most probably it
is not one single compound or one single food that will have the
power to change this risk, but the daily combination of what is
known to have anti-cancer potential plus the avoidance of what
is known to increase cancer risk that, in what we clearly define as
a healthy balanced diet will directly protect individuals.

For the researchers, the next step would be improving in
vivo studies and for what is possible, perform controlled trials
for the most promising chemopreventive candidates, especially
for defining the doses and recommendations of administration
frequency. Although there are several epidemiological studies on
the topic, most of them are not conclusive, mainly for being
retrospective making it difficult to recall specific diet details. This
is opposite to what is observed in in vitro studies, which is what
makes controlled trials so necessary. That would be the ideal way
of filling the gaps in this field when it comes to in vivo effects.

AUTHOR CONTRIBUTIONS

FM and WM designed the review. FM, JO, VS and WM selected
and discussed articles. JO and VS prepared tables and figures. JO
and VS wrote specific sessions. FM and WM wrote most of the
article.

FUNDING

FAP-Santa Casa (Fundo de Amparo à Pesquisa - FCMSCSP);
Coordenac̨ão de Aperfeic̨oamento de Pessoal de Nível Superior
- Capes; FAPESP 2017/04352-0 and 2017/17986-7.

ACKNOWLEDGMENTS

The authors thank Faculdade de Ciências Médicas da Santa Casa
de São Paulo—FCMSCSP for all the infrastructure and technical
support for research development which led to the preparation of
this review article.

Frontiers in Oncology | www.frontiersin.org 11 December 2018 | Volume 8 | Article 644

https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Melo et al. Cancer Chemoprevention Mechanisms

REFERENCES

1. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell (2000) 100:57–70.
doi: 10.1016/S0092-8674(00)81683-9

2. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell
(2011) 144:646–74. doi: 10.1016/j.cell.2011.02.013

3. Fouad YA, Aanei C. Revisiting the hallmarks of cancer. Am J Cancer Res.
(2017) 7:1016–36.

4. Goswami RS, Patel KP, Singh RR, Meric-Bernstam F, Kopetz ES, Subbiah V,
et al. Hotspotmutation panel testing reveals clonal evolution in a study of 265
paired primary and metastatic tumors. Clin Cancer Res. (2015) 21:2644–51.
doi: 10.1158/1078-0432.CCR-14-2391

5. Weinberg, Robert A. The Biology of Cancer. New York, NY: Garland Science
(2007).

6. Sun YS, Zhao Z, Yang ZN, Xu F, Lu HJ, Zhu ZY, et al. Risk factors
and preventions of breast cancer. Int J Biol Sci. (2017) 13:1387–97.
doi: 10.7150/ijbs.21635

7. Montor WR, Salas AROSE, Melo FHM. Receptor tyrosine kinases
and downstream pathways as druggable targets for cancer treatment:
the current arsenal of inhibitors. Mol Cancer (2018) 17:55.
doi: 10.1186/s12943-018-0792-2

8. Dulai PS, Singh S, Marquez E, Khera R, Prokop LJ, Limburg PJ,
et al. Chemoprevention of colorectal cancer in individuals with previous
colorectal neoplasia: systematic review and network meta-analysis. BMJ

(2016) 355:i6188. doi: 10.1136/bmj.i6188
9. Metcalfe KA, Lubinski J, Gronwald J, Huzarski T, McCuaig J, Lynch HT,

et al. Hereditary breast cancer clinical study group. the risk of breast
cancer in BRCA1 and BRCA2 mutation carriers without a first-degree
relative with breast cancer. Clin Genet. (2017) 93:1063–8. doi: 10.1111/cge.
13191

10. Benetou V, Lagiou A, Lagiou P. Chemoprevention of cancer:
current evidence and future prospects. F1000Res (2015) 4:916
doi: 10.12688/f1000research.6684.1

11. Patterson SL, Colbert Maresso K, Hawk E. Cancer chemoprevention:
successes and failures. Clin Chem. (2013) 59:94–101.
doi: 10.1373/clinchem.2012.185389

12. Sporn MB, Suh N. Chemoprevention: an essential approach to controlling
cancer. Nat Rev Cancer (2002) 2:537–43. doi: 10.1038/nrc844

13. Surh YJ. Cancer chemoprevention with dietary phytochemicals. Nat Rev
Cancer (2003) 3:768–80. doi: 10.1038/nrc1189

14. Chikara S, Nagaprashantha LD, Singhal J, Horne D, Awasthi S,
Singhal SS. Oxidative stress and dietary phytochemicals: role in cancer
chemoprevention and treatment. Cancer Lett. (2018) 413:122–34.
doi: 10.1016/j.canlet.2017.11.002

15. Kotecha R, Takami A, Espinoza JL. Dietary phytochemicals and cancer
chemoprevention: a review of the clinical evidence. Oncotarget (2016)
7:52517–29. doi: 10.18632/oncotarget.9593

16. Yang Y, Jin G, Liu H, Liu K, Zhao J, Chen X, et al. Metformin
inhibits esophageal squamous cell carcinoma-induced angiogenesis by
suppressing JAK/STAT3 signaling pathway. Oncotarget (2017) 8:74673–87.
doi: 10.18632/oncotarget.20341

17. Thomas T, Loke Y, Beales ILP. Systematic review and meta-
analysis: use of statins is associated with a reduced incidence of
oesophageal adenocarcinoma. J Gastrointest Cancer (2017) 49:442–54.
doi: 10.1007/s12029-017-9983-0

18. Higurashi T, Hosono K, Takahashi H, Komiya Y, Umezawa S, Sakai E, et al.
Metformin for chemoprevention of metachronous colorectal adenoma or
polyps in post-polypectomy patients without diabetes: a multicentre double-
blind, placebo-controlled,randomised phase 3 trial. Lancet Oncol. (2016)
17:475–83. doi: 10.1016/S1470-2045(15)00565-3

19. Heckman-Stoddard BM, Gandini S, Puntoni M, Dunn BK, DeCensi
A, Szabo E. Repurposing old drugs to chemoprevention: the case of
metformin. Semin Oncol. (2016) 43:123–33. doi: 10.1053/j.seminoncol.2015.
09.009

20. Cuzick J, Sestak I, Bonanni B, Costantino JP, Cummings S, DeCensi A,
et al. Selective oestrogen receptor modulators in prevention of breast cancer:
an updated meta-analysis of individual participant data. Lancet (2013)
381:1827–34. doi: 10.1016/S0140-6736(13)60140-3

21. Serhan CN, Hong S, Gronert K, Colgan SP, Devchand PR, Mirick
G, et al. Resolvins: a family of bioactive products of omega-3 fatty
acid transformation circuits initiated by aspirin treatment that
counter proinflammation signals. J Exp Med. (2002) 196:1025–37.
doi: 10.1084/jem.20020760

22. Omenn GS, Goodman GE, Thornquist MD, Balmes J, Cullen MR, Glass
A, et al. Effects of a combination of beta carotene and vitamin A on
lung cancer and cardiovascular disease. N Engl J Med. (1996) 334:1150–5.
doi: 10.1056/NEJM199605023341802

23. Alpha-Tocopherol, Beta Carotene Cancer Prevention Study Group. The
effect of vitamin E and beta carotene on the incidence of lung cancer
and other cancers in male smokers. N Engl J Med. (1994) 330:1029–35.
doi: 10.1056/NEJM199404143301501

24. Lin J, Cook NR, Albert C, Zaharris E, Gaziano JM, Van Denburgh M,
et al. Vitamins C and E and beta carotene supplementation and cancer
risk: a randomized controlled trial. J Natl Cancer Inst. (2009) 101:14–23.
doi: 10.1093/jnci/djn438

25. Hallal PC, Andersen LB, Bull FC, Guthold R, Haskell W, Ekelund U, et al.
Global physical activity levels:surveillance progress, pitfalls, and prospects.
Lancet (2012) 380:247–57. doi: 10.1016/S0140-6736(12)60646-1

26. Ulrich CM, Wiskemann J, Steindorf K. [Physiologic and molecular
mechanisms linking physical activity to cancer risk and progression].
Bundesgesundheitsblatt Gesundheitsforschung Gesundheitsschutz (2012)
55:3–9. doi: 10.1007/s00103-011-1400-4

27. Pirie K, Peto R, Reeves GK, Green J, Beral V, Million Women Study
Collaborators. The 21st century hazards of smoking and benefits of stopping:
a prospective study of one million women in the UK. Lancet (2013) 381:133–
41. doi: 10.1016/S0140-6736(12)61720-6

28. Landis-Piwowar KR, Iyer NR. Cancer chemoprevention: current state of
the art. Cancer Growth Metastasis (2014) 7:19–25. doi: 10.4137/CGM.
S11288

29. Kuang S, Qi C, Liu J, Sun X, Zhang Q, Sima Z, et al. 2-Methoxystypandrone
inhibits signal transducer and activator of transcription 3 and nuclear factor-
κB signaling by inhibiting Janus kinase 2 and IκB kinase. Cancer Sci. (2014)
105:473–80. doi: 10.1111/cas.12359

30. Wu DG, Yu P, Li JW, Jiang P, Sun J, Wang HZ, et al. Apigenin
potentiates the growth inhibitory effects by IKK-β-mediated NF-κB
activation in pancreatic cancer cells. Toxicol Lett. (2014) 224:157–64.
doi: 10.1016/j.toxlet.2013.10.007

31. Jaramillo MC, Zhang DD. The emerging role of the Nrf2-Keap1
signaling pathway in cancer. Genes Dev. (2013) 27:2179–91.
doi: 10.1101/gad.225680.113

32. Dinkova-Kostova AT, Fahey JW, Kostov RV, Kensler TW. KEAP1 and done?
targeting the NRF2 pathway with sulforaphane. Trends Food Sci Technol.
(2017) 69 (Pt B):257–69. doi: 10.1016/j.tifs.2017.02.002

33. Sohn EJ, Park HT. Natural agents mediated autophagic signal networks in
cancer. Cancer Cell Int. (2017)17:110. doi: 10.1186/s12935-017-0486-7

34. Deep G, Gangar SC, Agarwal C, Agarwal R. Role of E-cadherin in
antimigratory and antiinvasive efficacy of silibinin in prostate cancer
cells. Cancer Prev Res. (2011) 4:1222–32. doi: 10.1158/1940-6207.CAPR-10-
0370

35. Zhu FQ, ChenMJ, ZhuM, Zhao RS, QiuW, XuX, et al. Curcumin suppresses
epithelial-mesenchymal transition of renal tubular epithelial cells through
the inhibition of Akt/mTOR pathway. Biol Pharm Bull. (2017) 40:17–24.
doi: 10.1248/bpb.b16-00364

36. Ji Q, Liu X, Han Z, Zhou L, Sui H, Yan L, et al. Resveratrol suppresses
epithelial-to-mesenchymal transition in colorectal cancer through TGF-
β1/Smads signaling pathway mediated Snail/E-cadherin expression. BMC

Cancer (2015) 15:97. doi: 10.1186/s12885-015-1119-y
37. Shen F, Cai WS, Li JL, Feng Z, Liu QC, Xiao HQ, et al. Synergism from the

combination of ulinastatin and curcumin offers greater inhibition against
colorectal cancer liver metastases via modulating matrix metalloproteinase-
9 and E-cadherin expression. Onco Targets Ther. (2014) 7:305–14.
doi: 10.2147/OTT.S57126

38. Cao L, Liu J, Zhang L, Xiao X, Li W. Curcumin inhibits H2O2-
induced invasion and migration of human pancreatic cancer via
suppression of the ERK/NF-κB pathway. Oncol Rep. (2016) 36:2245–51.
doi: 10.3892/or.2016.5044

Frontiers in Oncology | www.frontiersin.org 12 December 2018 | Volume 8 | Article 644

https://doi.org/10.1016/S0092-8674(00)81683-9
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1158/1078-0432.CCR-14-2391
https://doi.org/10.7150/ijbs.21635
https://doi.org/10.1186/s12943-018-0792-2
https://doi.org/10.1136/bmj.i6188
https://doi.org/10.1111/cge.13191
https://doi.org/10.12688/f1000research.6684.1
https://doi.org/10.1373/clinchem.2012.185389
https://doi.org/10.1038/nrc844
https://doi.org/10.1038/nrc1189
https://doi.org/10.1016/j.canlet.2017.11.002
https://doi.org/10.18632/oncotarget.9593
https://doi.org/10.18632/oncotarget.20341
https://doi.org/10.1007/s12029-017-9983-0
https://doi.org/10.1016/S1470-2045(15)00565-3
https://doi.org/10.1053/j.seminoncol.2015.09.009
https://doi.org/10.1016/S0140-6736(13)60140-3
https://doi.org/10.1084/jem.20020760
https://doi.org/10.1056/NEJM199605023341802
https://doi.org/10.1056/NEJM199404143301501
https://doi.org/10.1093/jnci/djn438
https://doi.org/10.1016/S0140-6736(12)60646-1
https://doi.org/10.1007/s00103-011-1400-4
https://doi.org/10.1016/S0140-6736(12)61720-6
https://doi.org/10.4137/CGM.S11288
https://doi.org/10.1111/cas.12359
https://doi.org/10.1016/j.toxlet.2013.10.007
https://doi.org/10.1101/gad.225680.113
https://doi.org/10.1016/j.tifs.2017.02.002
https://doi.org/10.1186/s12935-017-0486-7
https://doi.org/10.1158/1940-6207.CAPR-10-0370
https://doi.org/10.1248/bpb.b16-00364
https://doi.org/10.1186/s12885-015-1119-y
https://doi.org/10.2147/OTT.S57126
https://doi.org/10.3892/or.2016.5044
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Melo et al. Cancer Chemoprevention Mechanisms

39. Wang Q, Wang H, Jia Y, Ding H, Zhang L, Pan H. Luteolin reduces
migration of human glioblastoma cell lines via inhibition of the p-IGF-
1R/PI3K/AKT/mTOR signaling pathway. Oncol Lett. (2017) 14:3545–51.
doi: 10.3892/ol.2017.6643

40. Kim SO, Kim MR. [6]-Gingerol prevents disassembly of cell junctions
and activities of MMPs in invasive human pancreas cancer cells through
ERK/NF- κ B/snail signal transduction pathway. Evid Based Complement

Alternat Med. (2013) 2013:761852. doi: 10.1155/2013/761852
41. Tsai HJ. Clinical cancer chemoprevention: from the hepatitis B virus (HBV)

vaccine to the human papillomavirus (HPV) vaccine. Taiwan J Obstet

Gynecol. (2015) 54:112–5. doi: 10.1016/j.tjog.2013.11.009
42. Baylin SB, Jones PA. A decade of exploring the cancer epigenome -

biological and translational implications. Nat Rev Cancer (2011) 11:726–34.
doi: 10.1038/nrc3130

43. Jones PA, Baylin SB. The fundamental role of epigenetic events in cancer.Nat
Rev Genet. (2002) 3:415–28. doi: 10.1038/nrg816

44. Allis CD, Jenuwein T, Reinberg D. Epigenetics. Cold Spring Harbor, NY: Cold
Spring Harbor Laboratory Press (2007).

45. Allis C, Jenuwein T, Reinberg D, CaparrosM. Epigenetics. Vol. 2. 2nd ed. New
York, NY: Cold Spring Harbor Laboratories Press (2015).

46. Jones PA, Baylin SB. The epigenomics of cancer. Cell (2007) 128:683–92.
doi: 10.1016/j.cell.2007.01.029

47. Wellen KE, Thompson CB. Cellular metabolic stress: considering
how cells respond to nutrient excess. Mol Cell (2010) 40:323–32.
doi: 10.1016/j.molcel.2010.10.004

48. Azad N, Zahnow CA, Rudin CM, Baylin SB. The future of epigenetic
therapy in solid tumours—lessons from the past. Nat Rev Clin Oncol. (2013)
10:256–66. doi: 10.1038/nrclinonc.2013.42

49. Ahuja N, Easwaran H, Baylin SB. Harnessing the potential of epigenetic
therapy to target solid tumors. J Clin Invest. (2014) 124:56–63.
doi: 10.1172/JCI69736

50. Wilson BG, Roberts CW. SWI/SNF nucleosome remodellers and cancer.Nat
Rev Cancer (2011) 11:481–92. doi: 10.1038/nrc3068

51. Wu H, Zhang Y. Mechanisms and functions of Tet protein-
mediated 5-methylcytosine oxidation. Genes Dev. (2011) 25:2436–52.
doi: 10.1101/gad.179184.111

52. Ley TJ, Ding L, Walter MJ, McLellan MD, Lamprecht T, Larson DE, et al.
DNMT3A mutations in acute myeloid leukemia. N Engl J Med. (2010)
363:2424–33. doi: 10.1056/NEJMoa1005143

53. Kanai Y, Ushijima S, Nakanishi Y, Sakamoto M, Hirohashi S. Mutation of
the DNA methyltransferase (DNMT) 1 gene in human colorectal cancers.
Cancer Lett. (2003) 192:75–82. doi: 10.1016/S0304-3835(02)00689-4

54. Zhang W, Xu J. DNA methyltransferases and their roles in tumorigenesis.
Biomarker Res. (2017) 5:1. doi: 10.1186/s40364-017-0081-z

55. Kumar R, Deivendran S, Santhoshkumar TR, Pillai MR. Signaling coupled
epigenomic regulation of gene expression. Oncogene (2017) 36:5917–26.
doi: 10.1038/onc.2017.201

56. You JS, Jones PA. Cancer genetics and epigenetics: two sides of the same
coin? Cancer Cell (2012) 22:9–20. doi: 10.1016/j.ccr.2012.06.008

57. DawsonMA, Kouzarides T. Cancer epigenetics: frommechanism to therapy.
Cell. (2012) 150:12–27. doi: 10.1016/j.cell.2012.06.013

58. Parry L, Clarke AR. The roles of the methyl-CpG binding proteins in cancer.
Genes Cancer (2011) 2:618–30. doi: 10.1177/1947601911418499

59. Reisman D, Glaros S, Thompson EA. The SWI/SNF complex and cancer.
Oncogene (2009) 14:1653–68. doi: 10.1038/onc.2009.4

60. Schuettengruber B, Chourrout D, Vervoort M, Leblanc B, Cavalli G. Genome
regulation by polycomb and trithorax proteins. Cell (2007) 128:735–45.
doi: 10.1016/j.cell.2007.02.009

61. Siebold AP, Banerjee R, Tie F, Kiss DL, Moskowitz J, Harte PJ.
Polycomb repressive complex 2 and trithorax modulateDrosophila longevity
and stress resistance. Proc Natl Acad Sci USA. (2010) 107:169–74.
doi: 10.1073/pnas.0907739107

62. Yamagishi M, Uchimaru K. Targeting EZH2 in cancer therapy. Curr Opin
Oncol. (2017) 29:375–81. doi: 10.1097/CCO.0000000000000390

63. Bartel DP. MicroRNAs: target recognition and regulatory
functions. Cell (2009) 136:215–33. doi: 10.1016/j.cell.2009.
01.002

64. Macfarlane LA, Murphy PR. MicroRNA: biogenesis, function and role in
cancer. Curr Genomics (2010) 11:537–61. doi: 10.2174/138920210793175895

65. Hosseinahli N, Aghapour M, Duijf PHG, Baradaran B. Treating cancer with
microRNA replacement therapy: a literature review. J Cell Physiol. (2018)
233:5574–88. doi: 10.1002/jcp.26514

66. Fritz H, Seely D, Flower G, Skidmore B, Fernandes R, Vadeboncoeur S, et al.
Soy, red clover, and isoflavones and breast cancer: a systematic review. PLoS
ONE (2013) 8:e81968. doi: 10.1371/journal.pone.0081968

67. Li Y, Kong D, Ahmad A, Bao B, Sarkar FH. Antioxidant function
of isoflavone and 3,3′-diindolylmethane: are they important for cancer
prevention and therapy? Antioxid Redox Signal. (2013) 19:139–50.
doi: 10.1089/ars.2013.5233

68. Majid S, Kikuno N, Nelles J, Noonan E, Tanaka Y, Kawamoto K,
et al. Genistein induces the p21WAF1/CIP1 and p16INK4 a tumor
suppressor genes in prostate cancer cells by epigenetic mechanisms
involving active chromatin modification. Cancer Res. (2008) 68:2736–44.
doi: 10.1158/0008-5472.CAN-07-2290

69. Fang MZ, Chen D, Sun Y, Jin Z, Christman JK, Yang CS. Reversal of
hypermethylation and reactivation of p16INK4a, RAR beta, and MGMT
genes by genistein and other isoflavones from soy. Clin Cancer Res. (2005)
11:7033–41. doi: 10.1158/1078-0432.CCR-05-0406

70. Bosviel R, Durif J, Déchelotte P, Bignon YJ, Bernard-Gallon D. Epigenetic
modulation of BRCA1 and BRCA2 gene expression by equol in breast cancer
cell lines. Br J Nutr. (2012) 108:1187–93. doi: 10.1017/S000711451100657X

71. Xie Q, Bai Q, Zou LY, Zhang QY, Zhou Y, Chang H, et al. Genistein inhibits
DNA methylation and increases expression of tumor suppressor genes in
human breast cancer cells. Genes Chromosomes Cancer (2014) 53:422–31.
doi: 10.1002/gcc.22154

72. Li Y, Meeran SM, Patel SN, Chen H, Hardy TM, Tollefsbol TO. Epigenetic
reactivation of estrogen receptor-α (ERα) by genistein enhances hormone
therapy sensitivity in ERα-negative breast cancer. Mol Cancer (2013) 12:9.
doi: 10.1186/1476-4598-12-9

73. Li Y, Chen H, Hardy TM, Tollefsbol TO. Epigenetic regulation
of multipletumor-related genes leads to suppression of breast
tumorigenesis by dietary genistein. PLoS ONE (2013) 8:e54369.
doi: 10.1371/journal.pone.0054369

74. D’Aloisio AA, Baird DD, DeRoo LA, Sandler DP. Association of intrauterine
and early-life exposures with diagnosis of uterine leiomyomata by 35 years
of age in the Sister Study. Environ Health Perspect. (2010) 118:375–81.
doi: 10.1289/ehp.0901423

75. Greathouse KL, Bredfeldt T, Everitt JI, Lin K, Berry T, Kannan K, et al.
Environmental estrogens differentially engage the histone methyltransferase
EZH2 to increase risk of uterine tumorigenesis. Mol Cancer Res. (2012)
10:546–57. doi: 10.1158/1541-7786.MCR-11-0605

76. Basak S, Pookot D, Noonan EJ, Dahiya R. Genistein down-regulates
androgen receptor by modulating HDAC6-Hsp90 chaperone function. Mol

Cancer Ther. (2008) 7:3195–202. doi: 10.1158/1535-7163.MCT-08-0617
77. Majid S, Dar AA, Shahryari V, Hirata H, Ahmad A, Saini S, et al. Genistein

reverses hypermethylation and induces active histone modifications in
tumor suppressor gene B-Cell translocation gene 3 in prostate cancer.Cancer
(2010) 116:66–76. doi: 10.1002/cncr.24662

78. Kikuno N, Shiina H, Urakami S, Kawamoto K, Hirata H, Tanaka Y, et al.
Genistein mediated histone acetylation and demethylation activates tumor
suppressor genes in prostate cancer cells. Int J Cancer (2008) 123:552–60.
doi: 10.1002/ijc.23590

79. Chen Y, Zaman MS, Deng G, Majid S, Saini S, Liu J, et al.
MicroRNAs 221/222 and genistein-mediated regulation of ARHI tumor
suppressor genein prostate cancer. Cancer Prev Res. (2011) 1:76–86.
doi: 10.1158/1940-6207.CAPR-10-0167

80. Chiyomaru T, Yamamura S, Zaman MS, Majid S, Deng G, Shahryari
V, et al. Genistein suppresses prostate cancer growth through
inhibition of oncogenic microRNA-151. PLoS ONE (2012) 7:e43812.
doi: 10.1371/journal.pone.0043812

81. Majid S, Dar AA, Saini S, Chen Y, Shahryari V, Liu J, et al.
Regulation of mini chromosome maintenance gene family by microRNA-
1296 and genistein in prostate cancer. Cancer Res. (2010) 70:2809–18.
doi: 10.1158/0008-5472.CAN-09-4176

Frontiers in Oncology | www.frontiersin.org 13 December 2018 | Volume 8 | Article 644

https://doi.org/10.3892/ol.2017.6643
https://doi.org/10.1155/2013/761852
https://doi.org/10.1016/j.tjog.2013.11.009
https://doi.org/10.1038/nrc3130
https://doi.org/10.1038/nrg816
https://doi.org/10.1016/j.cell.2007.01.029
https://doi.org/10.1016/j.molcel.2010.10.004
https://doi.org/10.1038/nrclinonc.2013.42
https://doi.org/10.1172/JCI69736
https://doi.org/10.1038/nrc3068
https://doi.org/10.1101/gad.179184.111
https://doi.org/10.1056/NEJMoa1005143
https://doi.org/10.1016/S0304-3835(02)00689-4
https://doi.org/10.1186/s40364-017-0081-z
https://doi.org/10.1038/onc.2017.201
https://doi.org/10.1016/j.ccr.2012.06.008
https://doi.org/10.1016/j.cell.2012.06.013
https://doi.org/10.1177/1947601911418499
https://doi.org/10.1038/onc.2009.4
https://doi.org/10.1016/j.cell.2007.02.009
https://doi.org/10.1073/pnas.0907739107
https://doi.org/10.1097/CCO.0000000000000390
https://doi.org/10.1016/j.cell.2009.01.002
https://doi.org/10.2174/138920210793175895
https://doi.org/10.1002/jcp.26514
https://doi.org/10.1371/journal.pone.0081968
https://doi.org/10.1089/ars.2013.5233
https://doi.org/10.1158/0008-5472.CAN-07-2290
https://doi.org/10.1158/1078-0432.CCR-05-0406
https://doi.org/10.1017/S000711451100657X
https://doi.org/10.1002/gcc.22154
https://doi.org/10.1186/1476-4598-12-9
https://doi.org/10.1371/journal.pone.0054369
https://doi.org/10.1289/ehp.0901423
https://doi.org/10.1158/1541-7786.MCR-11-0605
https://doi.org/10.1158/1535-7163.MCT-08-0617
https://doi.org/10.1002/cncr.24662
https://doi.org/10.1002/ijc.23590
https://doi.org/10.1158/1940-6207.CAPR-10-0167
https://doi.org/10.1371/journal.pone.0043812
https://doi.org/10.1158/0008-5472.CAN-09-4176
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Melo et al. Cancer Chemoprevention Mechanisms

82. Majid S, Dar AA, Ahmad AE, Hirata H, Kawakami K, Shahryari V, et al.
BTG3 tumor suppressor gene promoter demethylation, histone modification
and cell cycle arrest by genistein in renal cancer. Carcinogenesis (2009)
30:662–70. doi: 10.1093/carcin/bgp042

83. Hirata H, Hinoda Y, Shahryari V, Deng G, Tanaka Y, Tabatabai ZL,
et al. Genistein downregulates onco-miR-1260b and upregulates sFRP1 and
Smad4 via demethylation and histone modification in prostate cancer cells.
Br J Cancer (2014) 110:1645–54. doi: 10.1038/bjc.2014.48

84. Wang H, Li Q, Chen H. Genistein affects histone modifications on Dickkopf-
related protein 1 (DKK1) gene in SW480 human colon cancer cell line. PLoS
ONE (2012) 7:e40955. doi: 10.1371/journal.pone.0040955

85. Zhang Y, Li Q, Chen H. DNAmethylation and histone modifications of Wnt
genes by genistein during colon cancer development. Carcinogenesis (2013)
34:1756–63. doi: 10.1093/carcin/bgt129

86. Li Y, Vandenboom TG II, Wang Z, Kong D, Ali S, Philip PA, et al. miR-
146a suppresses invasion of pancreatic cancer cells. Cancer Res. (2010)
70:1486–95. doi: 10.1158/0008-5472.CAN-09-2792

87. Fang MZ, Wang Y, Ai N, Hou Z, Sun Y, Lu H, et al. Tea polyphenol(-)-
epigallocatechin-3-gallate inhibits DNA methyltransferase and
reactivatesmethylation-silenced genes in cancer cell lines. Cancer Res.

(2003) 63:7563–70.
88. Berner C, Aumüller E, Gnauck A, Nestelberger M, Just A, Haslberger AG.

Epigenetic control of estrogen receptor expression and tumor suppressor
gene is modulated by bioactive food compounds. Ann Nutr Metab. (2010)
57:183–9. doi: 10.1159/000321514

89. Berletch JB, Liu C, Love WK, Andrews LG, Katiyar SK, Tollefsbol TO.
Epigeneticand genetic mechanisms contribute to telomerase inhibition by
EGCG. J Cell Biochem. (2008) 103:509–19. doi: 10.1002/jcb.21417

90. Nandakumar V, Vaid M, Katiyar SK. (-)-Epigallocatechin-3-gallate
reactivatessilenced tumor suppressor genes, Cip1/p21 and p16INK4a,
by reducing DNAmethylation and increasing histones acetylation
in human skin cancer cells. Carcinogenesis (2011) 32:537–44.
doi: 10.1093/carcin/bgq285

91. Morris J, Moseley VR, Cabang AB, Coleman K, Wei W, Garrett-Mayer E,
et al. Reduction in promotor methylation utilizing EGCG (epigallocatechin-
3-gallate) restores RXRα expression in human colon cancer cells. Oncotarget
(2016) 7:35313–26. doi: 10.18632/oncotarget.9204

92. Kato K, Long NK, Makita H, Toida M, Yamashita T, Hatakeyama D,
et al. Effects of green tea polyphenol on methylation status of RECK gene
andcancer cell invasion in oral squamous cell carcinoma cells. Br J Cancer
(2008) 99:647–54. doi: 10.1038/sj.bjc.6604521

93. Tsang WP, Kwok TT. Epigallocatechin gallate up-regulation of miR-16
and induction of apoptosis in human cancer cells. J Nutr Biochem. (2010)
21:140–6. doi: 10.1016/j.jnutbio.2008.12.003

94. Toden S, Tran HM, Tovar-Camargo OA, Okugawa Y, Goel A.
Epigallocatechin-3-gallate targets cancer stem-like cells and enhances5-
fluorouracil chemosensitivity in colorectal cancer. Oncotarget (2016)
7:16158–71. doi: 10.18632/oncotarget.7567

95. Blancafort A, Giró-Perafita A, Oliveras G, Palomeras S, Turrado C,
Campuzano Ò, et al. Dual fatty acid synthase and HER2 signaling
blockade shows marked antitumor activity against breast cancer
models resistant to anti-HER2 drugs. PLoS ONE (2015) 10:e0131241.
doi: 10.1371/journal.pone.0131241

96. Kumazaki M, Noguchi S, Yasui Y, Iwasaki J, Shinohara H, Yamada N, et al.
Anti-cancer effects of naturally occurring compounds through modulation
of signal transduction and miRNA expression in human colon cancer cells. J
Nutr Biochem. (2013) 24:1849–58. doi: 10.1016/j.jnutbio.2013.04.006

97. Zhou DH, Wang X, Feng Q. EGCG enhances the efficacy of cisplatin by
downregulating hsa-miR-98-5p in NSCLC A549 cells. Nutr Cancer (2014)
66:636–44. doi: 10.1080/01635581.2014.894101

98. Bonnefont-Rousselot D. Resveratrol and cardiovascular diseases. Nutrients
(2016) 8:E250. doi: 10.3390/nu8050250

99. Fiori JL, Shin YK, Kim W, Krzysik-Walker SM, González-Mariscal I,
Carlson OD, et al. Resveratrol prevents β-cell dedifferentiation in nonhuman
primates given a high-fat/high-sugar diet. Diabetes (2013) 62:3500–13.
doi: 10.2337/db13-0266

100. Candelario-Jalil E, de Oliveira AC, Gräf S, Bhatia HS, Hüll M, Muñoz E,
et al. Resveratrol potently reduces prostaglandin E2 production and free

radical formation in lipopolysaccharide-activated primary rat microglia.
Neuroinflammation (2007) 4:25. doi: 10.1186/1742-2094-4-25

101. Zong Y, Sun L, Liu B, Deng YS, Zhan D, Chen YL, et al. Resveratrol inhibits
LPS-induced MAPKs activation via activation of the phosphatidylinositol 3-
kinase pathway in murine RAW 264.7 macrophage cell. PLoS ONE (2012)
7:e44107. doi: 10.1371/journal.pone.0044107

102. Tili E, Michaille JJ, Adair B, Alder H, Limagne E, Taccioli C, et al.
Resveratrol decreases the levels of miR-155 by upregulating miR-663, a
microRNA targeting JunB and JunD. Carcinogenesis (2010) 31:1561–6.
doi: 10.1093/carcin/bgq143

103. Tili E, Michaille JJ, Alder H, Volinia S, Delmas D, Latruffe N, et al.
Resveratrol modulates the levels of microRNAs targeting genes encoding
tumor-suppressors and effectors of TGFβ signaling pathway in SW480 cells.
Biochem Pharmacol. (2010) 80:2057–65. doi: 10.1016/j.bcp.2010.07.003

104. Medina-Aguilar R, Marchat LA, Arechaga Ocampo E, Gariglio P, García
Mena J, Villegas Sepúlveda N, et al. Resveratrol inhibits cell cycle progression
by targeting Aurora kinase A and Polo-like kinase1 in breast cancer cells.
Oncol Rep. (2016) 35:3696–704. doi: 10.3892/or.2016.4728

105. Papoutsis AJ, Lamore SD, Wondrak GT, Selmin OI, Romagnolo DF.
Resveratrol prevents epigenetic silencing of BRCA-1 by the aromatic
hydrocarbon receptor inhuman breast cancer cells. J Nutr. (2010) 140:1607–
14. doi: 10.3945/jn.110.123422

106. Venturelli S, Berger A, Böcker A, Busch C, Weiland T, Noor S, et al.
Resveratrol as a pan-HDAC inhibitor alters the acetylation status of histone
[corrected] proteins in human-derived hepatoblastoma cells. PLoS ONE

(2013) 8:e73097. doi: 10.1371/journal.pone.0073097
107. Fisher ML, Ciavattone N, Grun D, Adhikary G, Eckert RL.

Sulforaphane reduces YAP/1Np63α signaling to reduce cancer stem
cell survival and tumor formation. Oncotarget (2017) 8:73407–18.
doi: 10.18632/oncotarget.20562

108. Liu P, Atkinson SJ, Akbareian SE, Zhou Z, Munsterberg A, Robinson SD,
et al. Sulforaphane exerts anti-angiogenesis effects against hepatocellular
carcinomathrough inhibition of STAT3/HIF-1α/VEGF signalling. Sci Rep.
(2017) 7:12651. doi: 10.1038/s41598-017-12855-w

109. Tao S, Rojo de la VegaM, Chapman E, Ooi A, ZhangDD. The effects of NRF2
modulation on the initiation and progression of chemically and genetically
induced lung cancer.Mol Carcinog. (2017) 57:182–92. doi: 10.1002/mc.22745

110. Jeong YJ, Cho HJ, Chung FL, Wang X, Hoe HS, Park KK, et al.
Isothiocyanates suppress the invasion and metastasis of tumors
by targeting FAK/MMP-9 activity. Oncotarget (2017) 8:63949–62.
doi: 10.18632/oncotarget.19213

111. Myzak MC, Hardin K, Wang R, Dashwood RH, Ho E. Sulforaphane inhibits
histone deacetylase activity in BPH-1, LnCaP and PC-3 prostate epithelial
cells. Carcinogenesis (2006) 27:811–9. doi: 10.1093/carcin/bgi265

112. Myzak MC, Karplus PA, Chung FL, Dashwood RH. A novel mechanism of
chemoprotection by sulforaphane: inhibition of histone deacetylase. Cancer
Res. (2004) 64:5767–74. doi: 10.1158/0008-5472.CAN-04-1326

113. Pledgie-Tracy A, Sobolewski MD, Davidson NE. Sulforaphane induces cell
type-specific apoptosis in human breast cancer cell lines. Mol Cancer Ther.

(2007) 6:1013–21. doi: 10.1158/1535-7163.MCT-06-0494
114. Myzak MC, DashwoodWM, Orner GA, Ho E, Dashwood RH. Sulforaphane

inhibits histone deacetylase in vivo and suppresses tumorigenesis in Apc-
minus mice. FASEB J. (2006) 20:506–8. doi: 10.1096/fj.05-4785fje

115. Myzak MC, Tong P, Dashwood WM, Dashwood RH, Ho E. Sulforaphane
retards the growth of human PC-3 xenografts and inhibits HDAC activity in
human subjects. Exp Biol Med. (2007) 232:227–34.

116. Wong CP, Hsu A, Buchanan A, Palomera-Sanchez Z, Beaver LM, Houseman
EA, et al. Effects of sulforaphane and 3,3’-diindolylmethaneon genome-wide
promoter methylation in normal prostate epithelial cells and prostate cancer
cells. PLoS ONE (2014) 9:e86787. doi: 10.1371/journal.pone.0086787

117. Lubecka-Pietruszewska K, Kaufman-Szymczyk A, Stefanska B, Cebula-
Obrzut B, Smolewski P, Fabianowska-Majewska K. Sulforaphane alone and in
combination with clofarabine epigenetically regulates the expression of DNA
methylation-silenced tumour suppressor genes in human breast cancer cells.
J Nutrigenet Nutrigenomics (2015) 8:91–101. doi: 10.1159/000439111

118. Meeran SM, Patel SN, Tollefsbol TO. Sulforaphane causes epigenetic
repression of hTERT expression in human breast cancer cell lines. PLoS ONE
(2010) 5:e11457. doi: 10.1371/journal.pone.0011457

Frontiers in Oncology | www.frontiersin.org 14 December 2018 | Volume 8 | Article 644

https://doi.org/10.1093/carcin/bgp042
https://doi.org/10.1038/bjc.2014.48
https://doi.org/10.1371/journal.pone.0040955
https://doi.org/10.1093/carcin/bgt129
https://doi.org/10.1158/0008-5472.CAN-09-2792
https://doi.org/10.1159/000321514
https://doi.org/10.1002/jcb.21417
https://doi.org/10.1093/carcin/bgq285
https://doi.org/10.18632/oncotarget.9204
https://doi.org/10.1038/sj.bjc.6604521
https://doi.org/10.1016/j.jnutbio.2008.12.003
https://doi.org/10.18632/oncotarget.7567
https://doi.org/10.1371/journal.pone.0131241
https://doi.org/10.1016/j.jnutbio.2013.04.006
https://doi.org/10.1080/01635581.2014.894101
https://doi.org/10.3390/nu8050250
https://doi.org/10.2337/db13-0266
https://doi.org/10.1186/1742-2094-4-25
https://doi.org/10.1371/journal.pone.0044107
https://doi.org/10.1093/carcin/bgq143
https://doi.org/10.1016/j.bcp.2010.07.003
https://doi.org/10.3892/or.2016.4728
https://doi.org/10.3945/jn.110.123422
https://doi.org/10.1371/journal.pone.0073097
https://doi.org/10.18632/oncotarget.20562
https://doi.org/10.1038/s41598-017-12855-w
https://doi.org/10.1002/mc.22745
https://doi.org/10.18632/oncotarget.19213
https://doi.org/10.1093/carcin/bgi265
https://doi.org/10.1158/0008-5472.CAN-04-1326
https://doi.org/10.1158/1535-7163.MCT-06-0494
https://doi.org/10.1096/fj.05-4785fje
https://doi.org/10.1371/journal.pone.0086787
https://doi.org/10.1159/000439111
https://doi.org/10.1371/journal.pone.0011457
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Melo et al. Cancer Chemoprevention Mechanisms

119. Hoppstädter J, Hachenthal N, Valbuena-Perez JV, Lampe S, Astanina
K, Kunze MM, et al. Induction of Glucocorticoid-induced Leucine
Zipper (GILZ) contributes to anti-inflammatory effects of the natural
product curcumin in macrophages. J Biol Chem. (2016) 291:22949–60.
doi: 10.1074/jbc.M116.733253

120. Shakibaei M, Mobasheri A, Lueders C, Busch F, Shayan P, Goel A. Curcumin
enhances the effect of chemotherapy against colorectal cancer cells by
inhibition of NF-κB and Src protein kinase signaling pathways. PLoS ONE

(2013) 8:e57218. doi: 10.1371/journal.pone.0057218
121. Subramaniam D, Ponnurangam S, Ramamoorthy P, Standing D, Battafarano

RJ, Anant S, et al. Curcumin induces cell death in esophageal cancer
cells through modulating notch signaling. PLoS ONE (2012) 7:e30590.
doi: 10.1371/journal.pone.0030590

122. Wilken R, Veena MS, Wang MB, Srivatsan ES. Curcumin: a review of anti-
cancer properties and therapeutic activity in head and neck squamous cell
carcinoma.Mol Cancer (2011) 10:12–31. doi: 10.1186/1476-4598-10-12

123. Jordan BC, Mock CD, Thilagavathi R, Selvam C. Molecular mechanisms
of curcumin and its semisynthetic analogues in prostate cancer prevention
and treatment. Life Sci. (2016) 152:135–44. doi: 10.1016/j.lfs.2016.
03.036

124. Sundram V, Chauhan SC, Ebeling M, Jaggi M. Curcumin attenuates β-
catenin signaling in prostate cancer cells through activation of protein
kinase D1. PLoS ONE (2012) 7:e35368. doi: 10.1371/journal.pone.
0035368

125. Link A, Balaguer F, Shen Y, Lozano JJ, Leung HC, Boland CR, et al. Curcumin
modulates DNA methylation in colorectal cancer cells. PLoS ONE (2013)
8:e57709. doi: 10.1371/journal.pone.0057709

126. Jha AK, Nikbakht M, Parashar G, Shrivastava A, Capalash N, Kaur J.
Reversal of hypermethylation and reactivation of the RARβ2 gene by natural
compounds in cervical cancer cell lines. Folia Biol. (2010) 56:195–200.

127. Liu Z, Xie Z, Jones W, Pavlovicz RE, Liu S, Yu J, et al. Curcumin is a potent
DNA hypomethylation agent. Bioorg Med Chem Lett. (2009) 19:706–9.
doi: 10.1016/j.bmcl.2008.12.041

128. Kuck D, Singh N, Lyko F, Medina-Franco JL. Novel and selective
DNA methyltransferase inhibitors: docking-based virtual screening
and experimental evaluation. Bioorg Med Chem. (2010) 18:822–9.
doi: 10.1016/j.bmc.2009.11.050

129. Yu J, Peng Y, Wu LC, Xie Z, Deng Y, Hughes T, et al. Curcumin
down-regulates DNA methyltransferase 1 and plays an anti-
leukemic role in acute myeloid leukemia. PLoS ONE (2013) 8:e55934.
doi: 10.1371/journal.pone.0055934

130. Toden S, Okugawa Y, Buhrmann C, Nattamai D, Anguiano E,
Baldwin N, et al. Novel evidence for curcumin and boswellic acid
induced chemoprevention through regulation of miR-34a and
miR-27a in colorectal cancer. Cancer Prev Res. (2015) 8:431–43.
doi: 10.1158/1940-6207.CAPR-14-0354

131. Dahmke IN, Backes C, Rudzitis-Auth J, Laschke MW, Leidinger P,
Menger MD, et al. Curcumin intake affects miRNA signature in murine
melanoma with mmu-miR-205-5p most significantly altered. PLoS ONE

(2013) 8:e81122. doi: 10.1371/journal.pone.0081122
132. Bao B, Ali S, Banerjee S, Wang Z, Logna F, Azmi AS, et al. Curcumin

analogue CDF inhibits pancreatic tumor growth by switching on suppressor
microRNAs and attenuating EZH2 expression.Cancer Res. (2012) 72:335–45.
doi: 10.1158/0008-5472.CAN-11-2182

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Melo, Oliveira, Sartorelli and Montor. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Oncology | www.frontiersin.org 15 December 2018 | Volume 8 | Article 644

https://doi.org/10.1074/jbc.M116.733253
https://doi.org/10.1371/journal.pone.0057218
https://doi.org/10.1371/journal.pone.0030590
https://doi.org/10.1186/1476-4598-10-12
https://doi.org/10.1016/j.lfs.2016.03.036
https://doi.org/10.1371/journal.pone.0035368
https://doi.org/10.1371/journal.pone.0057709
https://doi.org/10.1016/j.bmcl.2008.12.041
https://doi.org/10.1016/j.bmc.2009.11.050
https://doi.org/10.1371/journal.pone.0055934
https://doi.org/10.1158/1940-6207.CAPR-14-0354
https://doi.org/10.1371/journal.pone.0081122
https://doi.org/10.1158/0008-5472.CAN-11-2182
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Cancer Chemoprevention: Classic and Epigenetic Mechanisms Inhibiting Tumorigenesis. What Have We Learned So Far?
	Carcinogenesis and Cancer Causing Agents
	Chemoprevention
	Classic Molecular Mechanisms Involved in Chemoprevention
	Chemoprevention Explained Through Epigenetics
	DNA Methylation
	Histone Post-translational Modifications
	Chromatin Remodeling Complexes
	Micro-RNA
	Examples of Compounds for Which Epigenetic Chemopreventive Mechanism are Described
	Isoflavones
	Epigallocatechin Gallate
	Resveratrol
	Sulforaphane
	Curcumin

	Conclusion and Future Directions
	Author Contributions
	Funding
	Acknowledgments
	References


